The crystal structure of human NF-κB p52 in its specific complex with the natural κB DNA binding site MHC H-2 has been solved at 2.1 Å resolution. Whereas the overall structure resembles that of the NF-κB p50-DNA complex, pronounced differences are observed within the 'insert region'. This sequence segment differs in length between different Rel proteins. Compared with NF-κB p50, the compact α-helical insert region element is rotated away from the core of the N-terminal domain, opening up a mainly polar cleft. The insert region presents potential interaction surfaces to other proteins. The high resolution of the structure reveals many water molecules which mediate interactions in the protein-DNA interface. Additional complexity in Rel protein-DNA interaction comes from an extended interfacial water cavity that connects residues at the edge of the dimer interface to the central DNA bases. The observed water network might acount for differences in binding specificity between NF-κB p52 and NF-κB p50 homodimers.
Introduction
The NF-κB/Rel family of eukaryotic transcription factors controls many mammalian genes of significant biomedical importance, including genes encoding pro-inflammatory cytokines, interferones, major histocompatibility complex (MHC) proteins, growth factors, cell adhesion molecules, but also viruses such as the human immunodeficiency virus (HIV) or Herpes (Baeuerle and Henkel, 1994; Thanos and Maniatis, 1995; Baeuerle and Baltimore, 1996; Baldwin, 1996; Chytil and Verdine, 1996) . Members of the NF-κB/Rel family can be divided into two subgroups. The first subgroup includes the mammalian proteins p65, RelB and c-Rel as well as the Drosophila proteins Dorsal, Dif and Relish, and the recently discovered protein Gambif1 from Anopheles gambiae (Barillas-Mury et al., 1996) . The insect proteins are involved in morphogenesis (Dorsal) and primitive immune defense (Dif, Relish and Gambif1). In addition to the Rel homology region (RHR), all members 7078 © Oxford University Press of this subgroup have putative transcriptional activation domains. The second subgroup includes the mammalian precursor proteins p105 and p100 which are proteolytically cleaved in vivo into the mature proteins p50 and p52, respectively (Baeuerle and Henkel, 1994) . These proteins lack an activation domain. Most of the NF-κB/Rel family members are able to form homo-and heterodimers of distinct DNA binding specificity. Activity and cellular localization of NF-κB/Rel proteins are further regulated through interactions with proteins of the IκB family (Gilmore and Morin, 1993) .
The NF-κB subunits p50 and p52 share 63% identical amino acid residues in the RHR ( Figure 1A ). They show functional similarities. Both proteins can form transactivating heterodimeric complexes with p65 or c-Rel (Lin et al., 1995) and bind with comparable affinities to NF-κB p65 (Schmid et al., 1991) . Their homodimers are both thought to repress transcription via competition with transactivating complexes for binding sites. However, NF-κB p50 and p52 are distinguishable by their cell-type distribution Sharp, 1987, 1988) and also show some functional differences. NF-κB p50 homodimers bind equally well (dissociation constants in the low picomolar range) to the pseudo-symmetric MHC H-2 site (5Ј-GGG-GATTCCCC-3Ј) and the non-symmetric Ig/HIV site (5Ј-GGGGACTTTCC-3Ј). In contrast, NF-κB p52 homodimers show comparable affinity to the MHC H-2 site but their affinity to the Ig/HIV site is~15-fold lower than that of NF-κB p50 (Schmid et al., 1994) . The heterodimers p50/p65 and p52/p65 both bind tightly to the Ig/HIV site (Perkins et al., 1992; Duckett et al., 1993) . Furthermore, NF-κB p50 and p52 interact differently with Bcl-3, a member of the IκB family (Gilmore and Morin, 1993) . Whereas Bcl-3 can remove p50 homodimers from DNA (Franzoso et al., 1993) , it associates with p52 homodimers through its ankyrin domain and forms a ternary complex with DNA at κB sites allowing for transcriptional activation through its activation domains (Bours et al., 1993) .
NF-κB p50-DNA complex structures of the mouse homologue at 2.3 Å resolution (Ghosh et al., 1995) and of the human homologue at 2.6 Å resolution (Müller et al., 1995) have been reported. Here we present the crystal structure of the human NF-κB p52 homodimer in its specific complex with DNA at 2.1 Å resolution. The structure provides information on a second Rel family member and gives further insight into DNA recognition by Rel proteins.
Results and discussion

Overall structure
The Rel homology region (RHR) of human NF-κB p52 was co-crystallized with a DNA duplex comprising an MHC H-2 site ( Figure 1B) , which is the preferred binding Amino acid sequence alignment of human NF-κB p52, p50, p65, RelB and c-Rel and the Drosophila protein, Dorsal. Amino acid numbering for human NF-κB p52 and p50 is given above and below the sequence, respectively. Residues of the N-terminal domain core (residues 38-140 and 188-220), the insert region (residues 141-187) and the C-terminal domain (residues 226-327) are colored in yellow, magenta and red, respectively. Secondary structure elements are indicated as lines (β-strands) and boxes (α-helices). The secondary structure prediction program PHD (Rost and Sander, 1993; Rost, 1996) predicts the presence of the insert region helix αA in p65 and Dorsal. Therefore, residues within the insert region have been aligned assuming conservation of this helix in all family members. Hatched bars mark residues which are disordered in the X-ray structure. Black crosses mark residues in the dimer interface. Filled and open circles indicate residues involved in direct contacts to DNA bases and the DNA backbone, respectively. Open squares indicate residues making water-mediated DNA contacts. (B) Sequence of the DNA duplex used in co-crystallization. Base pair numbering is indicated above the sequence. The box contains the natural 11 bp κB binding site MHC H-2 which is well ordered in our structure. The ends of the duplex (outside the box) are disordered.
site for NF-κB p52 homodimers (Schmid et al., 1991) . The same binding site is present in the human NF-κB p50 complex structure except for a central A:A mismatch. The NF-κB p52 dimer wraps around the DNA giving the complex the appearance of a butterfly (Figure 2A ). Each monomer consists of two immunoglobulin-like domains connected by a short linker. The DNA is contacted by five loops per monomer, two of them in the N-terminal domain, two in the C-terminal domain and one being the interdomain linker. The N-terminal, nine-stranded β-barrel contains the 'recognition loop' which contacts three concomitant G:C bp in the major groove, while residues of the seven-stranded C-terminal β-barrel form the dimer interface. The overall structure shows strong similarity to Overall view of the NF-κB p52 homodimer-DNA complex structure along the DNA helical axis with the approximate dyad vertical. The DNA duplex is in blue. Color coding for the protein is as in Figure 1A . Secondary structure elements are labeled. DNA-contacting loops are labeled for monomer I. The disordered loop HI is drawn as a dashed line. (B) Stereo view of rearrangement of the N-terminal domains upon DNA binding, based on superposition of the C-terminal domains of both crystallographically independent monomers. The protein chains are drawn as Cα-traces (monomer I and II as thick and thin lines, respectively). The view is approximately perpendicular to that in (A). The DNA is shown in its relative position to monomer I. The α-helices A and B and the N-and C-termini are labeled. (C) Structural comparison of the N-terminal domains of NF-κB p52 (yellow) and NF-κB p50 (green) based on superposition of Cα atoms of the N-terminal domain core. The view is similar to that in (B). The protein structures are represented as backbone traces. The helices within the insert region are emphasized.
the NF-κB p50 complex. All secondary structure elements have been conserved between NF-κB p50 and p52, except for β-strands c and cЈ in the C-terminal domain, which are both two residues shorter in p52. We used the p50 human homologue assignment of secondary structure elements. Major structural differences between p52 and p50 are only observed within the insert region (see below). The r.m.s. deviations for Cα atoms of corresponding residues in p50 and p52 are 0.9 Å for the core of the N-terminal domain (131 Cα atoms, insert region omitted), 1.0 Å for the C-terminal domain (101 Cα atoms) and 4.2 Å for the insert region (45 Cα atoms).
The asymmetric unit contains one homodimer-DNA complex. The two monomers are roughly related by a non-crystallographic dyad but they differ in the relative orientation of their N-terminal domains with respect to their C-terminal domains ( Figure 2B ). Taken individually, corresponding domains in the two monomers are virtually identical (r.m.s. deviation in Cα atom positions are 0.4 and 0.3 Å for the N-terminal and C-terminal domains, respectively). Slight deviations from non-crystallographic symmetry (NCS) are observed in several loops (loops FG, GЈαA, ccЈ and fg). These loops are flexible and show high B-factors (see Materials and methods and Figure 7 ). Since the two monomers were refined individually, the mean r.m.s. deviation gives an estimate of the overall coordinate error. In rigid regions of the complex, namely the protein-DNA and the dimer interfaces, it is expected to be below 0.3 Å. Based on the superposition of the C-terminal domains, the reorientation of the N-terminal domain of monomer II, with respect to monomer I, involves a rotation about an axis which is perpendicular to the DNA helical axis and runs approximately through the interdomain linker. Additionally, the N-terminal domain of monomer II appears slightly shifted away from the DNA along the rotation axis. These domain movements are accommodated by a conformational change in the interdomain linker, namely at residues Ser226 and Asn227. By similar domain movements, accommodated by the linker, NF-κB p50 is able to recognize a half-site spacing of 3 bp (human homologue) and 4 bp (mouse homologue, compared in Müller et al., 1996) . The slight rearrangement of the domains in NF-κB p52 coincides with non-symmetrical bending of the DNA (see below).
Insert region
NF-κB p50 and p52 contain additional amino acid residues ('insert') which are located within an extension between β-strands GЈ and H of the N-terminal domain, known as the 'insert region'. The insert region shows very little sequence similarity amongst different Rel family members and varies in length between 66 residues in NF-κB p50, 47 residues in NF-κB p52, 36 residues in Dorsal and 34 residues in NF-κB p65. The insert region of NF-κB p52 forms an autonomous module of two helices connected by a short loop (Figure 2 ). They pack tightly against each other and enclose an angle of about 50°(~40°in the structure of human p50). The two α-helices have been conserved between NF-κB p50 and p52 despite the low sequence similarity (only two residues in each helix are identical, Figure 1A ). Helix αA points with its N-terminal end towards the phosphate backbone from the minor groove side.
The insert region of NF-κB p50 packs tightly against the outer concave surface of the N-terminal domain. In NF-κB p52, the insert region is rotated away from the core domain surface by about 20°opening up a deep, mainly polar cleft. The insert region module protrudes into the solvent and changes the shape of the complex considerably ( Figure 2A , comparison in Figure 2C ). Is the observed orientation of the insert region module an intrinsic structural feature of NF-κB p52? In human NF-κB p50, a total of 30 residues form the interface between the insert region and the N-terminal domain core (residues within 4.0 Å distance between the two elements). There are 12 hydrogen bonds formed by residues in helix αA (Arg157 and Arg164) and the connecting loop (Tyr166, Asn167, Leu171 and Gln180) with residues of the N-terminal domain core. In addition, several hydrophobic residues are buried in the interface (Ile97, Leu109, Ile123 and Leu171). In contrast, the p52 insert region element is connected to the domain core only by polar contacts of Lys153 in helix αA. This residue is either arginine or lysine in all Rel family members ( Figure 1A) . Furthermore, only 9 out of the 30 residues that pack the p50 insert region element onto the domain core are identical in the p52 sequence. However, since insert region elements of crystallographically related complexes pack against each other in both NCS-related monomers, we cannot rule out that their orientations are influenced by crystal packing forces. Nevertheless, the crystal contacts are not identical for both monomers, whereas the relative orientation of the insert region module with respect to the N-terminal domain core is exactly the same. This supports the argument that the different orientation of the insert region module in p52, as opposed to p50, is an intrinsic structural feature of the p52-DNA complex. Alternatively, it is still possible that the insert region is an autonomously moving element and that its orientation is ultimately defined through contacts with other interacting partners.
Interactions of the insert region with other DNA binding proteins
The insert region might interact with other DNA binding proteins. Due to the difference of the insert regions in NF-κB p50 and p52, the potential interaction surfaces presented to other macromolecules are substantially different. Interestingly, the largest movement of the insert region element of p52, relative to p50, is observed parallel to the DNA helical axis ( Figure 2C ). As a consequence, helix αB appears to be easily accessible to proteins adjacently bound to the DNA. Additionally, several mostly charged side chains (Gln176, Lys179, Glu180 and Lys183) point towards other factors potentially bound to a neighboring DNA binding site. The high-mobility group protein I(Y) [HMGI(Y)] contacts the minor groove at the AT-rich center of the PRDII κB site of the β-interferon promoter (Thanos and Maniatis, 1992) . Residues of the insert region might be involved in HMGI(Y) interaction due to their proximity (Müller et al., 1995) . Furthermore, Rel proteins can interact with proteins of the basic region-leucine zipper (bZIP) families (Stein et al., 1993a,b; Nolan, 1994) . The monomeric transcription factor NF-ATc is related to the Rel family and the solution structure shows similarity of its DNA binding domain to the N-terminal domain of Rel proteins (Wolfe et al., 1997) . Site-directed mutagenesis experiments and model building lead to the conclusion that residues of NF-ATc corresponding to the Rel insert region are responsible for co-operative interaction with the bZIP transcription factor AP-1 on DNA in the interleukin-2 (IL-2) enhancer region (Chytil and Verdine, 1996; Peterson et al., 1996; Wolfe et al., 1997) . The interleukin-8 (IL-8) promoter contains adjacent binding sites for Rel dimers and the bZIP transcription factor C/EBP (Stein and Baldwin, 1993) . Compared with the IL-2 enhancer sequence, the sites are separated by three to four additional bp. The larger site separation is plausible since binding of a dimeric Rel protein, as opposed to monomeric NF-ATc, requires more space. Assuming a standard B-DNA conformation, the larger site separation would cause a relative rotation of the factors around the DNA helical axis by~100-140°, as compared with the model for NF-ATc and AP-1 on the IL-2 enhancer (Peterson et al., 1996) . In such a model, the leucine zipper domain of C/EBP would be closest in space to the C-terminal domains of a Rel dimer. Indeed, a deletion of residues Glu222-Pro231 of p65 (correspond- (1) a Total/hydrophobic accessible surface area of the given residue buried upon dimer formation. Calculated with AREAIMOL, DIFFAREA and RESAREA (CCP4, 1994) using the algorithm of Lee and Richards (1971) and a probe radius of 1.4 Å. Values for residues in monomer II are very similar. b Residues which are conserved in all known family members are marked with (r). The only exception is the Drosophila protein, Dif, that has a phenylalanine residue in place of His282. Residues that are conserved in human family members are marked with (u). c Polar contacts with distances ഛ 3.5 Å. d The length of the H-bond is given. The length of the equivalent interaction from monomer II to monomer I is given in parenthesis. e Residues in monomer II showing carbon-carbon contacts within 4.5 Å are given. The number of C-C atom pairs is given in parenthesis.
ing to loop bc and β-strand c in the C-terminal domain) abolishes interaction with C/EBP (Stein et al., 1993b) . In a similar system, the leucine zipper region of the EpsteinBarr virus bZIP transactivator BZLF1 has been shown to interact with the C-terminal region of p65 (Gutsch et al., 1994) . In this model, the N-terminal region of C/EBP would be close in space to the Rel insert region.
Dimer interface
A total of 1400 Å 2 of solvent accessible surface area is buried in the dimer interface. Only 50% of the dimer interface surface area is hydrophobic and many intermolecular hydrogen bonds are formed (Table I, Figure 3 ). Residues that only make van der Waals' contacts (Leu249, Ala286 and Val288), and most of the residues making important inter-dimer H-bonds (Arg232, Glu245, Cys250, Asp251, Asp280 and His282), are conserved amongst human Rel family members, while residues that contact the other monomer only through water molecules at the edge of the dimer interface (Ser231, Asp234 and Arg290) differ in different Rel proteins ( Figure 1A , Table I ). Residue Arg308 in human p50 makes extensive contacts to the DNA backbone. In p52, these interactions are lost and the corresponding residue Lys283 contacts the other monomer: In monomer II, the side chain NZ forms a hydrogen bond to the side chain of Asp251, and in monomer I it interacts via a tightly bound water molecule 7082 with the backbone amine group of Lys252 and with the side chain of Asp251 (Figures 3 and 6 ). Why are the p50/p65 and p52/p65 heterodimers thermodynamically preferred over the p50 and p52 homodimers? Residue Phe310 in NF-κB p50, corresponding to Tyr285 in p52 and Val248 in p65, has been identified as a key residue which controls the specificity of dimerization (G.L.Verdine, unpublished data). This residue is located at the lower part of the dimer interface ( Figure 3 ) and is not conserved among Rel family members. In NF-κB p52, Tyr285 packs tightly between the aliphatic side chain of Lys283 and the dimerically related tyrosine. This residue and Leu249 contribute most to the hydrophobic interface (Table I ). In p50, the corresponding residue Phe310 adopts a very similar conformation. Another important residue, Tyr247, makes several polar interactions with its hydroxyl group (Table I) . In p65, this residue is a phenylalanine, thus leading to deletion of the H-bonds in one half of a p52/ p65 or a p50/p65 heterodimer. This seems contradictory to the observation that Rel heterodimers containing p65 are more stable than the corresponding homodimers. However, the asymmetries in a potential heterodimer interface may lead to conformational adjustments in the protein-DNA interface and thus to changes in site specificity.
DNA conformation
In the complex, the DNA is bound preferentially in one orientation as judged from the electron density for the The r.m.s. deviation of all DNA atoms from canonical B-DNA is 1.4 Å after least squares fit of the phosphorous atoms. The overall geometry of the DNA fragment is similar to that in the human NF-κB p50 homodimer-DNA complex structure. The DNA fragment is slightly unwound (Figure 4 ) with an overall twist of 10.7 bp/turn (canonical B-DNA has 10.0 bp/turn). The central part of the DNA duplex (Thy/Ade-1 to Ade/Thy1) has a narrow minor groove that shows a single 'spine of hydration'. Hydration patterns like the minor groove 'spine' have also been observed in solution and thus are an integral part of the structure (Berman, 1991 (Berman, , 1994 . The minor groove width is 3.6 Å at Thy/Ade0 (shortest distance between backbone O4Ј atoms minus 2.8 Å, 5.7 Å for canonical B-DNA). Some unusual H-bonds are formed between the DNA bases. The central region of the duplex shows large propeller twists (up to -30.2°at Thy/Ade0, Figure 4 ) which allow for the formation of a stabilizing three centered H-bonding network (Blackburn and Gait, 1996) between the N6 amide of Ade-1, the O4 carbonyl of its Watson-Crick partner Thy-1 (3.2 Å) and the O4 carbonyl of the neighboring Thy0 (2.9 Å). Due to the lack of symmetry at the center of the DNA duplex, this threecentered interaction is unique to Ade-1 and impossible for the corresponding Ade-1 in the opposite strand. The large propeller twists of the central A:T bp are further propagated through base stacking over several bp ( Figure  4) . This leads to an unusual hydrogen bond between Gua-2 N2 and the O2 carbonyl of Cyt-3 (2.8 Å) and a corresponding interaction at the other half site (3.2 Å). The observed interactions may stabilize non-symmetric
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DNA distortions which could be recognized by indirect readout. Indeed, the level of propeller twist shows an inverse correlation with the flexibility of the dinucleotide step (Hassan and Calladine, 1996) . The observed features of the central DNA sequence are typical for A-tracts (Dickerson et al., 1994) .
The NF-κB p52-DNA complex shows an overall DNA bend of 20°towards the C-terminal domain of monomer II ( Figures 2C and 4) . In comparison, an overall DNA bend of 30°(two 15°bends) towards the center of the C-terminal domains has been observed in the human NF-κB p50-DNA complex structure. The asymmetry of the bend in the p52 complex is probably caused by differences in the distortability of the pseudosymmetric DNA fragment resulting from the asymmetry of the central ATT sequence. In consequence, a slight adjustment of the recognition loop AB leads to slightly different orientations of the N-terminal domains at the two half sites. These adjustments most dramatically effect the position of the insert region which is most distant from the axis of rotation ( Figure 2B ). The maximum displacement between Cα atoms (5.8 Å) is observed for Arg160 at the C-terminal end of helix αA.
Details of DNA recognition
A total of 3200 Å 2 of accessible surface area is buried upon complex formation, accounting for the low dissociation constant of 15 pM for the MHC H-2 DNA site (Duckett et al., 1993) . Approximately 45% of the protein accessible surface area buried upon DNA binding is hydrophobic (Table II) . A schematic diagram summarizing the observed protein-DNA interactions in both half sites is shown in Figure 5A and all observed protein-DNA contacts are listed in Table II . NF-κB p52 recognizes four concomitant guanines through side chain interactions of His62, Arg54, Arg52 and Lys221, respectively ( Figure 5B) . Presented by the 'recognition loop', the planar head groups of His62, Figure 2A ). The propeller twist of each DNA base pair in the duplex of the NF-κB p52-DNA complex structure is plotted on the right (filled circles, solid line). For comparison, the propeller twist for corresponding bp in the human NF-κB p50-DNA complex structure is given (open circles, dashed line). The parameters for the human p50 homodimer-DNA complex structure show symmetry since the dimer dyad is crystallographic. Geometrical parameters and the helical axis were calculated with the program CURVES (Lavery and Sklenar, 1988 ).
Arg54 and Arg52 form a rigid stack. Additionally, Glu58 binds to the opposing cytosine Cyt Ϯ 3 and buttresses the two arginines (Cyt Ϯ 2 and Cyt Ϯ 3 in human p50). In both half sites, the side chain of Cys57 hydrogen bonds to the backbone phosphate of Cyt2. This residue is suspected to be involved in redox-control of the DNA binding activity (Kumar et al., 1992) .
Most of the direct DNA contacts are conserved between NF-κB p52 and p50. However, Arg52 and Arg54 in NF-κB p52 show a slightly different pattern of interactions than in p50. In the NF-κB p50 structures, both corresponding arginines make bidentate interactions with N7 and O6 of two subsequent guanines through their guanidinium head groups. Compared with human p50, the guanidinium head group of Arg52 in p52 is rotated by~15°around the NE-CZ bond. This allows the side chain of Arg52 to make polar contacts to three subsequent G:C bp in the major groove, at N7 of Gua4, O6 of Gua3 and N4 of Cyt2 ( Figure 5 , Table II ). However, the contacts to Gua4 and Cyt2 are expected to be weaker due to the unfavorable H-bonding angle (Table II) . Whereas Arg52 forms two favorable H-bonds with the O6 of Gua3, the N7 is not contacted. In the first half site, two structural water molecules help to orient the guanidinium head groups of Arg52 and Arg54 ( Figure 5B ). Water molecule 2 forms four H-bonds with favorable angles (Table II) and lies roughly in the planes of the three planar groups to which it binds (headgroups of Arg52 and Glu58 and the pyrimidine ring of Cyt2). Arg52 in monomer II shows slight differences in its H-bonding pattern (Table II) which could arise from differences in DNA conformation (see above). No equivalent water molecules are found in the second half site. There are some additional differences between p52 and p50. In the human NF-κB p50 homodimer-DNA complex structure, His144 and Arg308 make contacts to the DNA backbone. The corresponding residues His140 and Lys283 in p52 do not make any DNA interactions. Instead, the side chain of His140 hydrogen bonds to the backbone carbonyl of the neighboring residue Val141 while Lys283 forms a bridge between the two protein monomers (see above).
Most of the direct protein-DNA interactions are observed in both half sites. However, there are differences which probably result from the relative reorientation of the N-terminal domains. In the second half site, the interaction of His62 with the outermost guanidine is lost but additional contacts to the DNA backbone are observed (Table II) . A set of van der Waals' interactions is observed in both half sites (Table II) . The importance of the packing of Pro223 against the ribose of Ade1 and of the aromatic ring of Tyr55 against Thy1 as positioning contacts has been noted (Müller et al., 1995) . Most of the residues contacting DNA are well buttressed. For example, residues Val138 to His140 make multiple interactions with the recognition loop and establish a connection to helix αA of the insert region. Many water molecules participate in this buttressing network.
Role of water in DNA binding
A total of 20 well-ordered water molecules with an average B-factor of 41.5 Å 2 are located in the protein-DNA interface (water molecules within 3.5 Å of both protein and DNA). On average, each water molecule forms three hydrogen bonds. Of these 20 water molecules, 14 make interactions with at least one polar protein and one polar DNA atom (Table II, Figure 5A ). Among these 14 water DIFFAREA and RESAREA (CCP4, 1994) using the algorithm of Lee and Richards (1971) and a probe radius of 1.4 Å. The values are given only when a residue is listed for the first time. e Compared with the first half site, the side chain of His62 is rotated by 180°in the second half site to allow for H-bonding interactions of ND1 to the protein backbone. For comparison, the distance from Gua5 N7 to His62 CE2 is given. f The numbering of water molecules corresponds to that used in Figure 5A . g Nucleotides contacted by monomer II. h Listed are residues which are only involved in van der Waals' interactions. Only protein residues which show at least 10 Å 2 of total surface area buried in at least one half site are listed. molecules, only one pair of NCS-related waters is found (9/9Ј, Table II ). Thus, water-mediated interactions are substantially different in the two half sites. The remaining six water molecules contact either polar protein or DNA atoms and make stabilizing interactions to neighboring waters in the protein-DNA interface. Almost all watermediated contacts are to the sugar-phosphate backbone ( Figure 5A , Table II ). Exceptions are found at Arg52 in the first half site (see above) and at Lys252 in the second half site which contacts the O4 carbonyl of Thy0 via water molecule 8 in the major groove of the central core region ( Figure 5A ). The interaction of Lys252 to the phosphate of Ade-1 is mediated by a tightly bound water molecule in both half sites in our structure while it appeared to be direct in the human NF-κB p50 homodimer-DNA complex. Residues Ser220, Ser222 and Asn227 in the interdomain linker make water-mediated contacts to the DNA backbone. These residues are changed to asparagine, alanine and glutamate in p65 which might cause differences in positioning of p52/p65 or p50/p65 heterodimers. A large interfacial water cavity is located above the major groove in the central part of the DNA (Figure 6 ). A total of 24 water molecules establish a complicated network of interwoven hydrogen bonds between the edge of the dimer interface (loops bc and de), the interdomain linker and DNA bp Gua/Cyt-2 to Cyt/Gua-2 (Figure 6 ). The mean B-factor for these water molecules is 40.5 Å 2 and thus substantially lower than the average for all water molecules included in the model (48.9 Å 2 ). This solvent network shows little symmetry. Although superposition of NCS-related residues in loops bc and de puts six water molecules in a distance less than 1.5 Å to another water molecule, only the already mentioned water molecules 9 and 9Ј ( Figures 5A and 6) have the same H-bonding partners and can therefore be regarded as strictly NCSrelated water molecules.
It is becoming well accepted that single ordered water molecules bridging between polar protein and DNA atoms can contribute to the specificity of protein-DNA complexes (Schwabe, 1997) . In the case of Trp repressor, detailed mutagenesis studies showed such a contribution (Bass et al., 1988; Joachimiak et al., 1994) . Similarly, water-mediated contacts play an important role in DNA recognition by the paired homeodomain (Wilson et al., 1995) . The question arises whether polar protein atoms separated from DNA by two or three fixed water molecules can still contribute to site specificity. DNA has a sequencedependent hydration pattern which in the proximity of polar protein atoms might give rise to preferred water networks that could contribute energetically to site recogni- tion. For example, Tyr285 in monomer I forms H-bonds, with good stereochemistry, to two waters ( Figure 6 ). These waters interact with several other waters, amongst them two waters which are hydrogen-bonded to Gua-2 N7 and Ade0 N6, respectively. Recently, the energetic contribution of an interfacial water cavity to homeodomain DNA binding has been examined (Labeots and Weiss, 1997) . Based on stereoselective chemical modification of phos- phate groups, the reported results provide evidence for the long-range importance of an ordered water structure in the interfacial cavity.
Site specificity
The homodimeric complex of NF-κB p52 shows some asymmetry, which might ultimately result from the central asymmetry of the DNA binding site. Unsymmetrical DNA bending, asymmetric positioning of the N-terminal domains, slightly different protein-DNA interactions at the two half sites and an asymmetric water structure are observed. The asymmetry extends into the cavity above the central ATT sequence. Ordered water molecules occupy this cavity between the edge of the dimer interface and the major groove of the DNA. Chang et al. (1994) suggested that bases within the central part of the binding site influence the DNA binding affinity of NF-κB p52, although these bases are not directly contacted by the protein. Furthermore, it was shown that the difference in binding specificity of p50 and p52 is located in the C-terminal 50 amino acid residues of the RHR. Swapping part of the C-terminal domain of p50 (residues 298-434) to p52 increased the affinity of the chimeric molecule to the Ig/HIV site to the level of p50 (Schmid et al., 1994) . The swapped region contains loop de which helps to establish the water network described above. In this loop, Tyr285 in NF-κB p52 (Phe310 in p50, Val248 in p65) appears to play a key role. Interestingly, this residue also forms part of the dimer interface and controls dimerization specificity (see above). Its two functions in dimerization and in establishing a water network strengthen the view of the dimer and protein-DNA interfaces as one continuous recognition surface (Müller et al., 1995) . We predict that the interfacial water cavity connecting the C-terminal domains and the central DNA bases might be important for the discrimination of different sites and that the difference in specificity between NF-κB p52 and p50 is largely caused by Tyr285. Further biochemical experiments as site-directed mutagenesis of residues involved in the formation of the water network, in particular of Tyr285, as well as chemical probing of the contacted DNA as described (Labeots and Weiss, 1997) , have to prove this hypothesis.
Materials and methods
Crystal structure solution Bacterial expression and purification of human NF-κB p52 (residues 35-329) containing the entire RHR apart from the C-terminal nuclear localization signal and co-crystallization with a 13mer DNA fragment comprising the natural κB binding site MHC H-2 ( Figure 1B ) have been described in detail (Cramer and Müller, 1997) . Diffraction data were collected at BM14 at the ESRF in Grenoble from a single crystal at 100 K using a MAR image plate. Data processing was carried out with programs DENZO and SCALEPACK (Otwinowski and Minor, 1997) . Crystals belong to space group P2 1 2 1 2 1 with unit cell dimensions 44.2ϫ121.0ϫ 134.9 Å. The asymmetric unit is occupied by one NF-κB p52 homodimer-DNA complex and the solvent content is 48.7% (V M ϭ 2.40 Å 3 /Da; Matthews, 1968) . The obtained dataset to 2.1 Å resolution is 91.8% complete with R sym ϭ 6.1% on intensities (Table III) . The structure was determined by molecular replacement using the program suite AMoRe (Navaza, 1994) . Rotation and translation function searches within various resolution ranges (10.0-5.0, 10.0-4.5 and 10.0-4.0 Å) were carried out with several different search models based on the human NF-κB p50 homodimer-DNA complex structure (Müller et al., 1995) . A dimeric search model including the DNA in which the entire insert region (residues 145-210) had been omitted and all differing side chains had been truncated to alanine gave a unique solution which could be selected amongst 50 possible solutions based on the R-factor, the correlation coefficient and reasonable packing interactions. Using reflections from 10.0 to 4.0 Å resolution, an integration sphere radius of 30 Å and sampling steps of 2.5°, an R-factor of 52.9% and a correlation coefficient of 0.33 were obtained for this solution after the translation search. After rigid body refinement with AMoRe, the R-factor decreased to 45.9% and the correlation coefficient increased to 0.48 (for comparison, an R-factor of 53.9% and a correlation coefficient of 0.24 were obtained for the next highest peak). Visual inspection of the molecular replacement solution for the dimeric complex and the symmetry mates using O (Jones et al., 1991) revealed no bad contacts.
Structure refinement
Refinement was carried out using the programs X-PLOR (Brünger, 1992) and O (Jones et al., 1991) as follows. 10% of the measured reflections were excluded from the refinement process and used for cross-validation with the free R-factor. For refinement of the DNA with X-PLOR, improved stereochemical parameters were used (Parkinson et al., 1996) . The first model contained 11 bp of DNA and lacked 47 residues of the insert region (residues 141-187) and 89 side chains per monomer. All individual B-factors were set to 30 Å 2 . Rigid body refinement of five independent groups (two N-terminal domains, two C-terminal domains and the DNA duplex) was carried out using reflections from 10.0 to 4.5 Å and gave a free R-factor of 44.5% (R ϭ 41.8%).
In the following refinement cycles, non-crystallographic symmetry restraints (weight ϭ 300 kcal mol -1 Å -2 ) were applied separately to the N-and C-terminal domains. Positional refinement using data from 10.0-3.0 Å gave a free R-factor of 44.1% (R ϭ 36.9%). For the resulting model, the overall B-factor followed by individual isotropic B-factors were refined using restraints of 1.5 Å 2 for main chain and 2.5 Å 2 for side chain atoms. Subsequent positional refinement yielded a free R-factor of 43.4% (R ϭ 30.3%). After solvent correction, electron density maps with Fourier coefficients (2F o -F c ) and (F o -F c ) were calculated using phases from the obtained model. These first maps showed clear electron density for 38 missing side chains per monomer and for about half of the residues belonging to the insert region. After several rounds of model building followed by positional and individual B-factor refinement, the resolution range of the data was extended to 10.0-2.5 Å. The quality of the electron density maps improved further so that all missing side chains and the entire insert region could be built in. The NCS restraints were loosened (weight ϭ 20 C) and several loop regions showing deviations from NCS were rebuilt. The resolution range was subsequently further extended to 10.0-2.1 Å (39 039 unique reflections). Possible water molecules were located in difference Fourier maps with the programs PEAKMAX and WATPEAK (CCP4, 1994) . Peaks of a height greater than 3σ were inspected graphically and water molecules with an initial B-factor of 30 Å 2 were included in the model if reasonable H-bonds were formed (2.5-3.5 Å distance from polar atoms of the protein, the DNA or another molecule). Water molecules were deleted when their B-factor rose over 60 Å 2 after refinement. In later stages of refinement, water molecules with B-factors of 60-80 Å 2 after refinement were kept when they showed good H-bonding geometry and substantial (2F o -F c ) electron density over 1.0σ. For the last rounds of refinement the restraints for individual B-factor refinement were loosened (2.5 and 3.5 Å 2 for main chain and side chain atoms, respectively). The data were corrected for weaker diffraction along the a-axis (the direction of the helical axis of the DNA) by refinement of an overall anisotropic B-factor using X-PLOR. This improved the free R-factor by 0.5%. Additionally, local scaling of F obs to F calc was carried out with MAXSCALE (M. Rould, personal communication) to correct for anisotropic diffraction. This correction lowered the free R-factor by 0.8%. No NCS restraints were applied in the last refinement cycles. Four terminal nucleotides outside the κB binding site ( Figure 1B) , residues 200-205 (loop HI) as well as two residues at each terminus are disordered in both monomers and were excluded from the final model ( Figure 1A ). The refined model contains 284 residues per protein monomer, 11 bp of DNA and 785 water molecules and has a crystallographic R-factor of 21.9% (free R-factor ϭ 32.0%). The coordinates and structure factors will be deposited with the Brookhaven Protein Data Bank.
Structure analysis
The quality of the final model was assessed using programs PROCHECK (Laskowski et al., 1993) and WHATIF (Vriend, 1990) . Both protein chains in the asymmetric unit show good stereochemistry with 85.6% of the non-glycine and non-proline residues in the most favored regions of the Ramachandran plot. Only Arg160 in monomer I and Asn145 and Gln284 in monomer II lie in the generously allowed regions. Arg160 at the outermost end of helix αA in monomer I is part of a badly ordered region; its side chain is disordered (compare Figure 7B) . For Asn145 and Gln284 in monomer II there is clear (2F o -F c ) electron density which shows that they are correctly modeled. The r.m.s. deviation from ideal geometry is 0.013 Å for bond lengths and 2.1°for bond angles (Table  III) . The mean B-factor is 46.7 Å 2 for main chain and 45.1 Å 2 for side chain protein atoms with only minor differences between the two monomers (Table III) . The distribution of B-factors along the protein chains is shown in Figure 7B . Interestingly, the C-terminal domains show lower overall B-factors than the N-terminal domains (38.6 Å 2 versus 51.4 Å 2 for main chain atoms). While the C-terminal domains are tightly packed against each other and make extensive crystal contacts, the N-terminal domains appear to be more flexible. Whereas protein residues close to the DNA axis and in and around the dimer interface are highly ordered, residues 69-71 of loop AB, loops BC, CD, HI and ccЈ, and the C-terminal end of helix αA, are badly ordered ( Figure 7B ). The flexibility of these loops might explain the relatively high free Rfactor. Of the 785 water molecules included in the model, 61% belong to the first solvation shell (within 3.5 Å from protein or DNA), and 90% are within 5.0 Å of either protein or DNA. The B-factor distribution of the water molecules is given in Figure 7C . The average B-factor for all water molecules is 48.9 Å 2 which agrees with the overall B-factor for all protein and all DNA atoms (Table III) . The geometry of the DNA was analyzed with CURVES (Lavery and Sklenar, 1988) . Least squares fitting and calculation of r.m.s. deviations were carried out with LSQKAB (CCP4, 1994). Atomic distances and H-bonding angles were calculated with CONTACT (CCP4, 1994) . Figures were drawn with Molscript (Kraulis, 1991) and Raster3D (Merritt and Murphy, 1994) .
